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ABSTRACT
Contrary to the ordinary notion that a metal bar would heat up when
stretched, its surface temperature actually drops below ambient for strains
beyond that of yield, the amount of which would depend on the loading rate.
There eXlsts no single temperature that could represent the specimen as a whole
and hence the system is said to be in a nonequilibrium thermal/mechanical
state. Such a behavior has not been identified with the uniaxial tests for two
reasons. No analytical treatment existed for describing the macroscopic
nonequilibrium behavior until the recent development of the isoenergy density
theory. Measurement of local nonequilibrium temperature requires a fast
response thermistor in addition to a data acquisition system that has the speed
to sample in-situ data. This was made possible only in recent" time.
The objective of this dissertation is to examine the effect of loading rate on
the thermal/mechanical behavior of Al 6061 cylindrical bar specimens under
tension. Data are obtained for four different applied displacement rates of
0.0212, 0.0423, 0.0847 and 0.212 mm/sec. For strains up to about 50% of the
total, the temperature of the aluminum specimen remained below ambient.
There prevail a change in the slope of the temperature versus time curve. The
time of occurrence does not coincide with that of yield initiation as claimed in
the open literature. It depends on the applied loading rate. The magnitude of
the maximum temperature drop below ambient is found to increase with
increasing applied loading rate while the recovery time of the specimen to
ambient conditon increases with decreasing applied loading rate.
1
Reliable measurement of nonequilibrium temperature can be used to
monitor the manufacturing quality of high performance materials. The
cooling/heating behavior reflects the interaction of material microstructure with
loading; it can playa significant role in many high-tech. applications.
2
CHAPTER 1 - INTRODUCTION
The determination of the so-called material constants in any theories of_~
continuum mechanics must invariably specify the thermodynamic process under
which the tests are performed. Uniaxial tensile and compressive tests are the
most common types where the state of stress and strain could be assumed to be
one-dimensional within a portion of the specimen referred to as the "gage
length". Much work has been done in the past with reference to possible
discrepancies which prevail in analytical modelling of the actual test conditions.
The adiabatic and constant temperature reversible condition have been invoked
in elasticity to justify the existence of a potential or elastic strain energy
density function. It has been argued that heat transfer between the solid and.
its surrounding is negligible if the load is applied slowly while the temperature
in the solid would remain nearly constant, or if the load is applied quickly.
Measurements of the elastic constants rely on such notions which were known
to be in contrast with experimental observations [1]. That is, the initial portion
of the uniaxial stress and strain curve does not satisfy the equilibrium
thermal/mechanical conditions invoked by the theory of elasticity. Such
discrepancies have been overlooked traditionally. Whether they are relevant in
engineering application or not would depend on the situation under concern.
For an open thermodynamic system such as the uniaxial specimen, there
prevails an exchange of heat between the solid and its surrounding when the
solid is deformed. Early tests [2] on steel bars have shown that the temperature
in the solid decrease below and increase beyond that of ambient when they are
stretched and compressed, respectively. In either case, a reversal of heat flow
3
occurred between the system and environment. This corresponds to
thermal/mechanical nonequilibrium because equilibrium thermodynamics would
have resulted in sign change of the entropy, a violation of the second law of
thermodynamics. The sudden jump of the temperature curves in [2J were
argued to be the instant where the material has reached its yield point. The
same conclusions were drawn in [3,4J based on some modified version of
irreversible thermodynamics formulation. What remains unclear is the
calculation of stress or strain from the nonequilibrium temperature data. Of
suspect are also the works in [5,6J. Reversal of the slope of the
temperature/time response depends on the loading rate. Its location need not
be coincident with the yield stress. This can be concluded from the analytical
and experimental findings of [7,8J. The nonequilibrium thermal/mechanical
phenomenon was explained by the isoenergy density theory [9J.
The two immediate objectives of this thesis are automating the
nonequilibrium temperature measurement and evaluating the displacement rate
effect on the thermal/mechanical stress and strain states of uniaxial tensile
specimens. Contrary to the traditional notion of equilibrium thermodynamics
as applied in formulating the theory of elasticity, the uniaxial data for close to
50% of the total strain are under nonequilibrium conditions where the
temperature in the solid is below ambient. The amount tend to increase with
increasing load rate. Such deviations from the equilibrium conditions can be
significant, particularly in predicting failure of local regions where the strain
rates could be many times higher than that applied globally.
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CHAPTER 2 - NONEQUILIBRIUM TEMPERATURE MEASUREMENT
PROCEDURE
The transient character of size/time/temperature [10] plays-a fundamental
role in defining the change in local temperature. That is, the quantity
temperature is not defined unless the size of region and time interval are
specified with reference to calculations and/or measurements. Suppose that
temperature data are to be taken over a circular region of 1 mm in diameter;
then, the response of the sensor must be sufficiently fast to scan over this region
as the external disturbance is varied with time. Ordinary thermocouples are
not adequate for detecting the change of surface temperature of uniaxial
specimens as loading rates are altered.
Depending on the particular application, the limits and accuracies of the
temperature response could be determined from the isoenergy density theory
[9]. To capture nonequilibrium temperature behavior, a fast response sensor or
thermistor is required to monitor small temperature variations. A data
acquisition system is needed to sample data at a fast rate. Figure 2.1 shows the
flow chart of the system devised for this research.
2.1 Multi-Channel Transient Temperature Analyzer
Illustrated in Figure 2.2 is a photo of the multi-channel transient
temperature analyzer made by Newell. It contains eight (8) analog input
channels and is designed with a programmable gain amplifier that covers both
bipolar and unipolar operation with a total of nine (9) software selectable full
5
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Figure 2.1 - The data acquisition system.
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Figure 2.2 - Multi-channel temperature analyzer (manufactured by Newell).
Figure 2.3 - Thermistor no. 9 (manufactured by VECO).
7
Figure 2.2 - Multi-channel temperature analyzer (manufactured by Newell).
(/
:}
Figure 2.3 - Thermistor no. 9 (manufactured by VECO).
7
scale input ranges. The system is IBM-PC bus compatible and features a high
speed, 12-bit successive approximation A/D converter with typical conversion
times of 25-35 J-lsec resulting in data through put rates in excess of 30 kHz
(machine and software dependent).
The thermistors are manufactured by VEca which is no longer in
business. Figure 2.3 shows a typical thermistor, the tip of which has a diameter
of approximately 1 mm. The resistance/temperature calibration data for the
no. 9 thermistor used in this dissertation are given in Table 2.1.
Table 2.1 - Resistance/temperature data for VECa no. 9 thermistor
Temperature
T CC)
Resistance
RT(kn)
Temperature
T CC)
ResistanceRT (kn)
0 2001 60 115.33
10 1165 70 78.10
20 695.6 80 53.86
30 428.5 90 37.67
40 270.5 100 26.80
50 175.3
2.2 Resistance (or Voltage) /Temperature Relation
There are a total of eight (8) bridge circuits, one for each channel or
thermistor. A schematic diagram of the bridge is shown in Figure 2.4. The
resistance sensor or thermistor is denoted by RT while ~l and ~2 are,
respectively, the variable and micro-variable resistors. They can be used to null
the bridge. Four preset constant resistors R1, R2, R3 and R4 are used. Applied
8
between points +Pe and - Pe is the excitation voltage Ee and between +P0
and - Po is the output voltage Eo.
For the bridge in Figure 2.4, the supply voltage Ee and output voltage Eo
are related as
(2.1)
Let RT be approximated by the exponential expression:
(2.2)
Figure 2.4 - Schematic of bridge circuit.
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III which Aj (j = 0,1, ... ,3) are coefficients that can be determined from the
calibration data in Table 2.1. Taking the four (4) points at 100, 200, 30° and
40°C, Aj are found as
j
AO = 9.83244,
Al = 154.37870,
A2 = - 2148.86500
A3 = 10186.57000
(2.3)
Calculated values RT are summarized in Table 2.2. Let To denote the ambient
Table 2.2 - Coefficients Aj (j = 0,1, ... ,3) for exponential relation of RT
Temperature
T CC)
10
20
30
40
Calibrated
resistance
RT(kD)
1165.0
695.6
428.5
270.5
Correlated
resistance
RT(T)(kD)
1164.9980
695.5999
428.4997
270.5002
temperature and set the bridge equilibrium condition Eo = 0 at T = To. This
determines Rp in equation (2.1):
(2.4)
To simplify the analysis, the bridge is designed to yield the output voltage Eo
as a linear function of the temperature. Equation (2.1) is thus written in the
10
form
(2.5)
By application of the conditions established for the low and high temperature
Te and Th, respectively, the coefficients ao and al in equation (2.5) are given
by
(2.6)
and
(2.7)
The quantity RL represents the expression in the square bracket of equation
(2.1), i.e.,
(2.8)
Making use of equation (2.5), the temperature can be solved in terms of the
normalized output voltage Eo/Ee as follows:
(2.9)
Since T = To when Eo = 0, it is obvious that To = - aO/al' Hence, equation
11
(2.9) becomes
(2.10)
The temperature difference can thus be determined directly from the voltage
ratio Eo/Eeonce a1 is found from equation (2.7).
2.3 Cooling/Heating Behavior of Uniaxial Tensile Test
Suppose that the ambient temperature To = 19°C is selected while the
lower and higher temperature limits Te = 15°C and Th = 25°C are 'used,
respectively. Knowing RL(T) from equation (2.8), ao and a1 in equations (2.6)
and (2.7) can be computed for the no. 9 VECa thermistor as
ao = - 0.1072176, a1 = 0.0060974 (2.11)
For an input voltage of Ee = 0.1 volt, equation (2.10) together with the second
of equations (2.11) give
~T = 1640.05 Eo
A sensitivity of approximately 0.61 mv(C or 164 mOC/mv is obtained.
(2.12)
A typical time measurement of surface temperature at mid-point of an
aluminum alloy 6061 bar in tension is shown in Figure 2.5. The bar is pulled at
12
a displacement rate of u = 0.0847 mm/sec and its dimensions are displayed in
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Figure 2.5 - A typical cooling/heating behavior of Al 6061 bar specimen pulled
at a displacement rate of u = 0.0847 mm/sec.
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Figure 2.6 - Schematic of cylindrical bar specimen.
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Figure 2.6. The nonequilibrium character of the temperature behavior is
exhibited by a drop of temperature below that of ambient while heating of the
specimen occurs as load is increased. Such behavior could not be detected by
the ordinary thermocouple, the sensitivity of which is low in addition to the
high noise level that would overshadow the signal. The noise level in the
present analysis is filtered out by application of the Fast Fourier Transform
(FFT) software. A low pass filter is used to retain the low frequency signal
while the high frequency noise is eliminated.
14
CHAPTER 3 - EXPERIMENTAL DATA AND DISCUSSIONS
It is well known that the uniaxial stress and strain behavior is affected by
the rate at which load is applied to the specimen even for the same specimen
size and material. As the loading rate is increased, the specimen response
would tend to be more stiff and behave more brittle. This is known as the
loading rate or strain rate effect and can significantly influence the fracture
initiation load [11]. Of particular interest m this work are the
thermal/mechanical response as influenced by change in the displacement rates
applied to Al 6061 cylindrical bar specimens. The general characteristics are
expected to be the same for other metal alloys such as steel and titanium.
3.1 Temperature Measurement Set-Up
A photo of the Al 6061 cylindrical bar specimen is shown in Figure 3.l.
Refer to Figure 2.6 for the dimensions. Each specimen is first inserted into a
spring loaded thermistor attachment device in Figure 3.2, a schematic of which
is shown in Figure 3.3. The thermistor in Figure 2.3 is mounted into a spring-
loaded arm such that it will always be in contact with the specimen even when
stretched. The pressure between the thermistor tip and specimen is carefully
adjusted and kept constant for each test. Alterations in the temperature data
could occur if the contact pressure is too large or too small.
A special set of grips were designed so that the ends of the cylindrical bar
are firmly secure when the specimen is stretched, Figure 3.4. No slippage was
observed under the loading rates tested. All tests were performed in an Instron
15
Figure 3.1 - Cylindrical bar specimen made of 6061 aluminum.
Figure 3.2 - Spring-loaded thermistor attachment device.
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Figure 3.1 - Cylilldrical bar specimCll made of 6061 alumillum.
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Figure 3.3 - Schematic of spring-loaded thermistor attachment device.
Figure 3.4 - Cylindrical bar specimen secured in specially design grips.
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machine as shown in Figure 3.5 together with the multi-channel temperature
analyzer and PC computer. Data are processed automatically via a software
package designed for this work [12]; they could be given in analog or digital
form.
Figure 3.5 - Experimental set-up for measuring nonequilibrium temperature.
3.2 Uniaxial Tensile Tests
Four different displacement loading rates u are applied to the Al 6061
cylindrical bar specimen in Figure 2.6. They are u = 0.0212, 0.0423, 0.0847 and
0.212 mm/sec. Three tests are carried out for each u; they are referred to as
Group 1, 2 and 3. Displayed in Figure 3.6 are the variations of the engineering
stress and strain curves. They all increase approximately linear and then level
off. All curves tend to decrease in applied stress as the specimens break. The
18
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corresponding numerical data for the uniaxial stress u and strain ( related to the
u = 0.0212 mm/sec
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Figure 3.6 - Engineering stress and strain curves for u = 0.0212 mm/sec.
intrinsic time variable t can be found in Table 3.1. The results for u = 0.0423
mm/sec are shown in Figure 3.7 where larger discrepancies are observed for the
19
Table 3.1 - Uniaxial stress and strain data for Al 6061 cylindrical specimen at Ii
= 0.0212 mm/sec
Time
t (sec)
o
24.6
49.2
73.8
1l0.7
135.3
159.9
184.5
209.1
233.7
258.3
282.9
307.5
344.4
369
393.6
418.2
442.8
467.4
492
516.6
541.2
639.6
565.8
578.1
602.7
627.3
639.6
651.9
664.2
676.5
688.8
698.6
a
24.6
49.2
73.8
llO.7
Strain
E (m/m)
o
0.008678
0.017357
0.026035
0.039053
0.047731
0.056409
0.065088
0.073766
0.082444
0.091123
0.099801
0.108479
0.121497
0.130175
0.138853
0.147532
0.15621
0.164888
0.173567
0.182245
0.190923
0.225637
0.199602
0.203941
0.212619
0.221298
0.225637
0.229976
0.234315
0.238654
0.242993
0.246465
o
0.008678
0.017357
0.026035
0.039053
20
Stress
(j (MPa)
o
36.9
56.1
72.2
109.9
134.2
162.3
191.0
218.3
247.8
278.8
306.1
311.3
315.7
317.2
318.6
322.3
324.5
324.5
324.5
324.5
324.5
302.4
324.5
324.5
318.6
309.8
302.4
295.0
289.1
280.3
272.9
261.8
o
39.9
63.2
85.7
121.9
Table 3.1- (continued)
Time Strain Stress
t (sec) t (m/m) (J (MPa)
Group 2. - (continued)
135.3 0.047731 149.5
159.9 0.056409 177.8
184.5 0.065088 206.9
209.1 0.073766 235.9
233.7 0.082444 261.3
258.3 0.091123 297.6
282.9 0.099801 304.9
307.5 0.108479 307.0
344.4 0.121497 312.1
369 0.130175 313.6
393.6 0.138853 315.7
418.2 0.147532 318.6
442.8 0.15621 319.4
467.4 0.164888 319.4
492 0.173567 319.4
516.6 0.182245 319.4
541.2 0.190923 317.2
639.6 0.225637 268.6
565.8 0.199602 308.5
578.1 0.203941 302.7
602.7 0.212619 290.3
627.3 0.221298 277.3
639.6 0.225637 268.6
651.9 0.229976 261.3
664.2 0.234315 250.4
Group .3.
0 0 0
24.6 0.008678 32.7
49.2 0.017357 55.2
73.8 0.026035 76.21
110.7 0.039053 114.7
135.3 0.047731 141.5
159.9 0.056409 170.6
184.5 0.065088 199.6
209.1 0.073766 228.6
233.7 0.082444 261.3
258.3 0.091123 290.3
282.9 0.099801 312.1
307.5 0.108479 315.7
344.4 0.121497 319.4
21
Time
t (sec)
Group .3. - (continued)
369
393.6
418.2
442.8
467.4
492
516.6
541.2
639.6
565.8
578.1
602.7
627.3
639.6
Table 3.1 - (continued)
Strain
f (m/m)
0.130175
0.138853
0.147532
0.15621
0.164888
0.173567
0.182245
0.190923
0.225637
0.199602
0.203941
0.212619
0.221298
0.225637
Stress
IT (MPa)
319.4
320.8
323.7
325.2
325.9
325.9
325.9
322.3
275.8
313.6
308.5
294.7
280.2
275.8
three different groups of test. This is also reflected by the numerical data for IT
and f in Table 3.2. Further increase in u to 0.0847 mm/sec is made and the
resulting plots of the engineering stress and strain curves can be found in Figure
3.8. Deviation from linearity tend to occur at larger strains as u is increased.
This can be seen by comparing the curves in Figures 3.6 to 3.8 inclusive. Refer
to Table 3.3 for (J" and f as a function of t with u = 0.0847 mm/sec. The highest
displacement loading rate u = 0.212 mm/sec is one order of magnitude greater
than the lowest value of u = 0.0212 mm/sec. Appreciable difference can be
seen from the results in Figure 3.9 as compared with those in Figure 3.6
although the general feature remained the same. Figure 3.4 gives the numerical
data of the engineering stress and strain as a function of time.
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Figure 3.7 - Engineering stress and strain curves for u = 0.0423 mmlsec.
Table 3.2 - Uniaxial stress and strain data for Al 6061 cylindrical specimen at u
= 0.0423 mm/sec
Time
t (sec)
o
12.30
24.60
36.90
49.20
61.50
73.80
86.10
98.40
110.70
123.00
135.30
147.60
159.90
172.20
184.50
196.80
209.10
221.40
233.70
246.00
258.30
270.60
282.90
295.20
303.81
307.50
314.88
o
12.30
24.60
36.90
49.20
61.50
73.80
86.10
98.40
110.70
Strain
( (m/m)
o
0.00861
0.01722
0.02583
0.03444
0.04305
0.05166
0.06027
0.06888
0.07749
0.0861
0.09471
0.10332
0.11193
0.12054
0.12915
0.13776
0.14637
0.15498
0.16359
0.1722
0.18081
0.18942
0.19803
0.20664
0.212667
0.21525
0.220416
o
0.00861
0.01722
0.02583
0.03444
0.04305
0.05166
0.06027
0.06888
0.07749
24
Stress
u (MPa)
o
39.9
65.3
94.4
123.0
152.0
184.0
215.0
250.0
283.0
298.0
301.0
303.0
305.0
308.0
312.0
312.0
312.0
312.0
312.0
312.0
311.0
305.0
293.0
279.0
269.0
261.0
247.0
o
49.4
79.8
107.0
134.0
163.0
192.0
225.0
258.0
294.0
Table 3.2 - (continued)
Time Strain Stress
t (sec) f (m/m) 0- (MPa)
Group 2. - (continued)
123.00 0.0861 327.0
135.30 0.09471 352.0
147.60 0.10332 357.0
159.90 0.11193 359.0
172.20 0.12054 362.0
184.50 0.12915 363.0
196.80 0.13776 364.0
209.10 0.14637 364.0
221.40 0.15498 364.0
233.70 0.16359 364.0
246.00 0.1722 364.0
258.30 0.18081 364.0
270.60 0.18942 361.0
·282.90 0.19803 351.0
295.20 0.20664 332.0
303.81 0.212667 314.0
Group .:l
0 0 0
12.30 0.00861 47.2
24.60 0.01722 75.5
36.90 0.02583 102.0
49.20 0.03444 123.0
61.50 0.04305 161.0
73.80 0.05166 195.0
86.10 0.06027 229.0
98.40 0.06888 261.0
110.70 0.07749 290.0
123.00 0.0861 316.0
135.30 0.09471 321.0
147.60 0.10332 323.0
159.90 0.11193 326.0
172.20 0.12054 327.0
184.50 0.12915 332.0
196.80 0.13776 333.0
209.10 0.14637 334.0
221.40 0.15498 334.0
233.70 0.16359 335.0
246.00 0.1722 335.0
258.30 0.18081 335.0
270.60 0.18942 335.0
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Figure 3.8 - Engineering stress and strain curves for u = 0.0847 mm/sec.
Table 3.3 - Uniaxial stress and strain data for Al 6061 cylindrical specimen at u
= 0.0847 mm/sec
Time
t (sec)
o
12.30
24.60
36.90
49.20
61.50
67.65
68.27
68.88
73.80
86.10
98.40
110.70
123.00
133.46
135.30
139.61
146.37
147.60
150.06
159.90
o
12.30
24.60
36.90
49.20
61.50
67.65
68.27
68.88
73.80
86.10
98.40
110.70
123.00
133.46
135.30
139.61
146.37
Strain
f (m/m)
o
0.017357
0.034713
0.05207
0.069427
0.086783
0.095462
0.09633
0.097197
0.10414
0.121497
0.138853
0.15621
0.173567
0.18832
0.190923
0.196998
0.206544
0.20828
0.211751
0.225637
o
0.017357
0.034713
0.05207
0.069427
0.086783
0.095462
0.09633
0.097197
0.10414
0.121497
0.138853
0.15621
0.173567
0.18832
0.190923
0.196998
0.206544
27
Stress
17 (MPa)
o
61.70
108.88
163.32
217.75
279.45
307.03
307.76
308.48
315.74
319.37
323.00
326.63
326.63
326.63
326.63
326.63
317.20
315.74
309.94
283.08
o
61.70
108.88
162.59
217.75
275.82
303.40
304.86
306.31
312.11
315.74
319.37
323.00
323.00
319.37
315.74
308.48
290.34
Table 3.3 - (continued)
Time Strain Stress
t (sec) E (m/m) cr (MPa)
Group ;i
0 0 0
12.30 0.017357 66.05
24.60 0.034713 116.14
36.90 0.05207 170.57
49.20 0.069427 228.64
61.50 0.086783 286.71
67.65 0.095462 304.13
68.27 0.09633 304.86
68.88 0.097197 304.86
73.80 0.10414 305.58
86.10 0.121497 310.66
98.40 0.138853 313.57
110.70 0.15621 318.65
123.00 0.173567 319.37
133.46 0.18832 319.37
135.30 0.190923 319.37
139.61 0.196998 319.37
146.37 0.206544 315.74
147.60 0.20828 313.57
150.06 0.211751 309.21
159.90 0.225637 290.34
167.28 0.236051 270.01
3.3 Cooling/Heating Behavior of Uniaxial Tensile Specimens
Contrary to the ordinary notion that metal tends to heat up when pulled,
the measured temperature difference or gage temperature in Figure 3.10 shows
that tl8 would first drop below the ambient 8 0 . For u = 0.0212 mm/sec, the
Group 1 curve reveals a maximum drop of tl8 = - 0.8954 °C at t ~ 273 sec.
The surface temperature of the solid across the ambient level at time between
297 and 312 sec is close to 5.2 minutes after loading. That is when heat is being
transferred from the surrounding to the specimen. As tl8 changes sign, the
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Table 3.4 - Uniaxial stress and strain data for Al 6061 cylindrical specimen at 'Ii
= 0.212 mm/sec
Time
t (sec)
o
1.23
2.46
3.69
6.15
9.84
12.30
18.45
24.60
25.83
28.29
30.75
36.90
43.05
49.20
55.35
61.50
o
1.23
2.46
3.69
6.15
9.84
12.30
18.45
24.60
25.83
28.29
30.75
36.90
43.05
49.20
55.35
61.50
Strain
€ (m/m)
o
0.004326
0.008651
0.012977
0.021628
0.034604
0.043255
0.064883
0.086510
0.090836
0.099487
0.108138
0.129765
0.151393
0.173020
0.194648
0.216275
o
0.004326
0.008651
0.012977
0.021628
0.034604
0.043255
0.064883
0.08651
0.090836
0.099487
0.108138
0.129765
0.151393
0.17302
0.194648
0.216275
31
Stress
(J (MPa)
o
14.5
36.3
50.8
76.2
116.0
145.0
210.0
298.0
301.0
303.0
306.0
312.0
313.0
313.0
290.0
240.0
o
36.3
54.4
69.0
94.4
138.0
167.0
240.0
319.0
323.0
325.0
327.0
334.0
340.0
341.0
340.0
312.0
Table 3.4 - (continued)
Time Strain Stress
t (sec) f (m/m) (J' (MPa)
Group Q.
0 0 0
1.23 0.004326 18.1
2.46 0.008651 39.9
3.69 0.012977 50.8
6.15 0.021628 90.7
9.84 0.034604 127.0
12.30 0.043255 149.0
18.45 0.064883 229.0
24.60 0.086510 307.0
25.83 0.090836 314.0
28.29 0.099487 319.0
30.75 0.108138 320.0
36.90 0.129765 327.0
43.05 0.151393 333.0
49.20 0.173020 334.0
55.35 0.194648 334.0
61.50 0.216275 308.0
67.65 0.237903 276.0
68.88 0.242228 261.0
71.34 0.250879 240.0
heat flow would change sign accordingly. This implies a sign change in the
definition of entropy in classical thermodynamics. Hence, the nonequilibrium
temperature change ~e should be carefully distinguished from the classical
definition of equilibrium temperature ~T. As ~e becomes positive for t > 312
sec, the temperature in the specimen rises about that of ambient. This is
expected as more stored energy is being converted into heat. The same
behavior is observed for the Group 2 data where the maximum drop ~0 =
- 0,9621 °C is found at t ~ 242 sec. Recovery of the specimen to the ambient
condition occurs between t = 281 and 297 sec. The Group 3 data are nearly the
same as those for Group 2 with (~0)max = -0.927 °C at t ~ 235 sec where ~e
32
= 0 corresponded to time between 297 and 313 sec. Numerical data of ~0 for
the three groups are given in Table 3.5.
As u is increased from 0.0212 to 0.0423 mm/sec, the time at which
negative (~0)max occurs is decreased. This can be seen from the three curves
in Figure 3.11. For the Group 1 curve, negative (.6..0)max = -0.958 °C
occurred at t = 114 sec and t.0 = 0 at time between 127 and 138 sec. Similar
conclusions can be made for Group 2 and 3 data in Table 3.6. The location of
(~0)max occurs even earlier when u is increased to 0.0847 mm/sec. Figure 3.12
shows that (~0)max = -1.237 °C at t = 65.51 sec. Table 3.7 gives the results
for Group 2 and 3; they do not differ appreciably. At u = 0.212 mm/sec, the
magnitude of (~0)max increased considerably while the time at which it takes
place decreased, Figure 3.13. Figure 3.14 displays the data for the numerical
results of Group 1, 2 and 3 in Table 3.8. The curve for Group 1 gives (~0)max
= -1.2398 °C at t = 25.9 sec. This is about one and one half times greater in
absolute magnitude than the maximum temperature drop at u = 0.0212
mm/sec. The time t = 25.9 sec is almost one order of magnitude smaller than
the location of (~0)max in Figure 3.10. These features are given in Figure 3.15.
Increase in recovery time of the specimen to ambient condition with decreasing
applied displacement rate is displayed in Figure 3.16. That is, the time for
which the specimen can be best explained by comparing the results for all the
four (4) different displacement rates.
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Table 3.5 - Nonequilibrium local temperature data for Al 6061 cylindrical
specimen at u = 0.0212 mm/sec
Time
t (sec)
o
15.625
31.250
46.874
62.499
78.124
93.749
109.373
124.998
140.623
156.248
171.872
187.497
203.122
218.747
234.371
249.996
265.621
281.246
296.870
312.495
328.120
343.745
359.369
374.994
390.619
406.244
421.868
437.493
453.118
468.743
484.367
o
15.625
31.251
46.876
62.501
78.127
93.752
34
Temperature change
8-80 CC)
o
- 0.1149548
- 0.2589398
- 0.3252858
- 0.3479888
- 0.3661268
- 0.4151358
- 0.4482488
- 0.5120328
- 0.5084298
- 0.5665278
- 0.6498908
-0.7317728
- 0.7975588
- 0.8182998
- 0.8387608
- 0.8586198
- 0.8711528
- 0.8365978
- 0.3509118
0.2182992
0.5845452
0.8954172
1.1802180
1.4917780
1.6592980
1.8383980
1.9495580
2.1161180
2.2386780
2.3332180
2.5622480
o
- 0.1213220
- 0.2609420
- 0.3594010
- 0.4387600
- 0.5287300
- 0.5817830
Time
t (sec)
Group 2 - (continued)
109.377
125.003
140.628
156.253
171.879
187.504
203.129
218.755
234.380
250.005
265.631
281.256
296.881
312.507
328.132
343.757
359.383
375.008
390.633
406.259
421.884
437.509
453.134
468.760
484.385
o
15.626
31.253
46.879
62.505
78.132
93.758
109.384
125.010
140.637
156.263
171.889
187.516
203.142
218.768
Table 3.5 - (continued)
35
Temperature change
0-80 CC)
- 0.6369990
- 0.6289910
- 0.6338750
- 0.6929350
- 0.7591210
- 0.8211830
- 0.8880520
- 0.9145120
- 0.9471920
- 0.9292120
- 0.6727140
- 0.0898500
0.4417620
0.8083690
1.1160400
1.3857900
1.6056500
1.7999700
2.0184200
2.2071700
2.3896400
2.5556800
2.7414700
2.9476700
3.0437700
o
- 0.1005010
- 0.2178586
- 0.2927336
- 0.3357367
- 0.3963570
- 0.4445260
- 0.4685900
- 0.5222040
- 0.5463080
- 0.6379590
- 0.7075490
- 0.7556370
- 0.8154970
- 0.8848870
Time
t (sec)
Group ;i - (continued)
234.395
250.021
265.647
281.273
296.900
312.526
328.152
343.779
359.405
375.031
390.658
406.284
421.910
437.536
453.163
468.789
484.415
3.4 Effect of Loading Rates
Table 3.5 - (continued)
Temperature change
8-80 CC)
- 0.9242460
- 0.8864480
- 0.8685500
- 0.5875090
- 0.0211410
0.5012620
0.8823630
1.2147700
1.4472500
1.6263900
1.8087300
1.9773800
2.1094300
2.2854900
2.4944600
2.6906900
2.8069700
The effect of loading rates on the cooling/heating behavior of Al 6061
cylindrical bar under tension can be best illustrated by taking the average
values of the three groups for each u in Tables 3.5 to 3.8 inclusive. There
results four (4) curves showing the variations of the average temperature change
~8 with time. They all decrease in magnitude reaching a trough and then
increase beyond the ambient condition ~8 = O. As u decreases one order of
magnitude from 0.212 to 0.0212 mm/sec, the depth of the trough (~8)max
decreases while the time at which ~8 = 0 increases as if each curve is stretched
out like a string pulled out by an inclined force whose horizontal component
increases. Summarized in Table 3.9 are the maximum average temperature
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Figure 3.11 - Cooling/heating behavior of Al 6061 specimen at u = 0.0423
mm/sec.
Table 3.6 - Nonequilibrium local temperature data for Al 6061 cylindrical
specimen at u = 0.0423 mm/sec
Time
t (sec)
o
10.6248
21.2497
31.8745
42.4993
53.1242
63.749
74.3738
84.9987
95.6235
106.248
116.873
127.498
138.123
148.748
159.372
169.997
180.622
191.247
201.872
212.497
223.122
233.746
244.371
254.996
265.621
276.246
o
10.0011
20.0023
30.0034
40.0046
50.0057
60.0068
70.008
80.0091
90.0098
100.012
38
Temperature change
8-8Q ce)
o
-0.05269
- 0.14975
- 0.23476
- 0.31884
- 0.41706
- 0.52693
- 0.63271
- 0.76176
- 0.83844
- 0.93121
- 0.93806
- 0.44725
0.330091
1.01257
1.55059
2.03452
2.52369
2.97142
3.38711
3.77402
4.18547
4.53743
4.89506
5.27092
5.66784
6.05839
o
- 0.17033
- 0.29233
- 0.41538
- 0.53662
- 0.64769
- 0.74583
- 0.83147
- 0.91336
- 0.97914
- 1.04136
Time
t (sec)
Group 2. - (continued)
100.013
120.014
130.015
140.016
150.017
160.018
170.02
180.021
190.022
200.023
210.024
220.025
230.027
240.028
250.029
260.03
270.031
,280.032
o
10.6245
21.249
31.8735
42.498
53.1225
63.747
74.3715
84.996
95.6205
106.245
116.869
127.494
138.118
148.743
159.367
169.992
180.617
191.241
201.865
212.49
Table 3.6 - (continued)
39
Temperature change
0-00 CC)
-1.10763
-1.1224
- 0.71344
0.011411
0.644245
1.16453
1.62939
2.05406
2.42447
2.84789
3.20101
3.57066
3.95937
4.29138
4.61526
4.95833
5.35344
5.75561
o
- 0.05966
- 0.16913
- 0.3023
- 0.39828
- 0.45618
- 0.52168
- 0.5761
- 0.67644
- 0.80621
- 0.89934
- 0.95055
- 0.67163
0.021422
0.697419
1.23316
1.73438
2.27358
2.56789
2.97938
3.38944
Time
t (sec)
Group.3. - (continued)
223.115
233.739
244.364
254.988
265.613
276.237
Table 3.6 - (continued)
Temperature change
0-00 CC)
3.78239
4.196
4.54531
4.87665
5.28085
5.56994
drop and the corresponding time for each u. A plot of (.6.8)max versus u
remains below the ambient condition is prolonged when the loading rate is
decreased. Nonequilibrium prevails for a large portion of the stress-strain
history; its _behavior should not be overlooked when dealing with
thermal/mechanical effects.
3.5 Thermal/Mechanical Behavior
As mentioned earlier, the effect of cooling and heating cannot be treated by
classical thermomechanics because it invokes sign change in the entropy
quantity. Violation of the second law of thermodynamics was committed in the
works of [4-6] because thermoelasticity and thermoviscoelasticity theories are
confined within the framework of classical or equilibrium thermodynamics. The
times at which the specimen temperature attains a negative maximum and
returns to the ambient condition do not necessarily coincide with yielding or
deviation from linearity on the stress-strain curve. The former and latter are
associated with the stress-strain state (umlCm) and (uOlCo), respectively, as
40
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Figure 3.12 - Cooling/heating behavior of Al 6061 specimen at u = 0.0847
mm/sec.
Table 3.7 - Nonequilibrium local temperature data for Al 6061 cylindrical
specimen at u = 0.0847 mm/sec
Time
t (sec)
o
6.25068
12.5014
18.7521
25.0027
31.2534
37.5041
43.7548
50.0055
56.2562
62.5068
68.7575
75.0082
81.2589
87.5096
93.7603
100.011
106.262
112.512
118.763
125.014
131.264
137.515
143.766
o
6.25049
12.5010
18.7515
25.0020
31.2524
37.5029
43.7534
50.0039
56.2544
62.5049
68.7554
75.0059
81.2564
42
Temperature change
0-00 ("C)
o
- 0.107428
- 0.238519
- 0.338499
- 0.472994
- 0.627148
- 0.764046
- 0.881083
-1.02647
-1.13590
-1.22839
-1.12857
- 0.411853
0.589631
1.47183
2.26875
3.03740
3.75620
4.50363
5.21410
6.09234
7.02840
8.16738
8.73227
o
- 0.125966
- 0.266707
- 0.367608
- 0.476237
- 0.579661
- 0.691092
- 0.792034
- 0.912514
-1.01690
- 1.11380
- 1.17582
- 0.808610
0.0644646
Time
t (sec)
Group 2 - (continued)
87.5068
93.7573
100.008
106.258
112.509
118.759
125.010
131.260
137.511
143.761
o
6.25059
12.5012
18.7518
25.0023
31.2529
37.5035
43.7541
50.0047
56.2553
62.5059
68.7564
75.0070
81.2576
87.5082
93.7588
100.009
106.260
112.511
118.761
125.012
131.262
137.513
143.764
Table 3.7 - (continued)
43
Temperature change
0-00 CC)
0.953395
1.75159
2.53005
3.29634
4.06495
4.84321
5.58187
6.22668
6.93391
7.82524
o
- 0.0571773
- 0.225065
- 0.378299
- 0.538980
- 0.700822
- 0.847369
- 0.986268
- 1.11864
-1.23552
-1.30078
- 0.967249
- 0.0789191
0.867309
1.70623
2.46911
3.19584
3.89939
4.64129
5.33354
6.03525
6.82171
7.50836
8.02120
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Figure 3.13 - Cooling/heating behavior of Al 6061 specimen at u = 0.212
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Table 3.8 - Nonequilibrium local temperature data for Al 6061 cylindrical
specimen at 1i = 0.212 mm/sec
Time
t (sec)
Group 1
o
2.00006
4.00012
. 6.00018
8.00024
10.0003
12.0004
14.0004
16.0005
18.0005
20.0006
22.0007
24.0007
26.0008
28.0008
30.0009
32.001
34.001
36.0011
38.0011
40.0012
41.0012
o
2.1245
4.2494
6.3743
8.4992
10.6241
12.749
14.8739
16.9988
19.1236
21.2485
23.3734
25.4983
27.6232
29.7481
31.873
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Temperature change
0-00 CC)
o
0.08487
0.020021
- 0.00801
- 0.16641
- 0.27308
- 0.38388
- 0.50168
- 0.62285
- 0.75682
- 0.89232
-1.03071
-1.16657
-1.23912
-1.08801
- 0.62701
0.131256
1.02826
1.95518
2.88807
3.82704
4.31407
o
- 0.03984
- 0.11896
- 0.23067
- 0.34903
- 0.46915
- 0.59287
- 0.72172
- 0.85906
- 0.99744
-1.14299
-1.28176
-1.37498
-1.26555
- 0.84589
- 0.12404
Time
t (sec)
Group 2. - (continued)
33.9979
36.1228
38.2477
40.3726
o
2.12462
4.24924
6.37385
8.49847
10.6231
12.7477
14.8723
16.997
19.1216
21.2462
23.3708
25.4954
27.62
29.7446
31.8693
33.9939
36.1185
38.2431
40.3677
Table 3.8 - (continued)
Temperature change
8 -80 CC)
0.754316
1.67608
2.53294
3.45386
o
0.024024
- 0.1041
- 0.17486
- 0.29718
- 0.42202
- 0.55343
- 0.69153
- 0.83592
- 0.98238
-1.12865
-1.27055
-1.36353
- 1.24729
- 0.81678
- 0.0981
0.753875
1.62699
2.49762
3.36725
indicated in Figure 3.17. For all of the four cases of u examined, the commonly
referred to yield point tends to lie in between the stress-strain states (0"m,tm)
and (O"o,to). This is in contrast to the claims made in [2-4]. Average values of
these stress-strain states for different u are calculated in Tables 3.10 and 3.11;
their locations are shown on Figures 3.6 to 3.9 inclusive. While u and t tend to
behave monotonically, (um;zm) in Table 3.10 and (O'o;fo) in Table 3.11 tend to
fluctuate with u. More scatter is exhibited in the stress-strain data variations
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Figure 3.15 - Decrease of maximum average temperature drop with increasing
displacement rate.
with loading rates when compared to the temperature data in Figure 3.14 that
possess a more orderly variation with u.
Of interest is also the portion of Tm and To as compared with the total
average strain Tf" They are computed in percentage and given in Table 3.12.
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Table 3.9 - Maximum temperature drop for Al 6061 cylindrical specimen
stretched at different rates
Displacement Rate Group Time Maximum average
u (mm/sec) No. t (sec) temperature drop
(L\8)max ("C)
0.0212 1 272.683 - 0.895377
2 242.443 - 0.962162
3 235.207 - 0.926729
(ave: 250.111) (ave: - 0.928089)
0.0423 1 114.4360 - 0.957519
2 116.8260 -1.137340
3 117.0570 - 0.951434
(ave: 116.106) (ave: -1.01543)
0.0847 1 65.5072 -1.236680
2 68.1928 -1.178900
3 62.3184 -1.302340
(ave: 65.339) (ave: -1.23931)
0.212 1 25.8758 -1.239680
2 25.8108 -1.375940
3 25.7454 -1.365210
(ave: 25.811) (ave: -1.1326943)
Table 3.10 - Average stress-strain states (um,Tm) corresponding to maximum
temperature drop for different applied displacement rates
Displacement Time Stress Strain
rate u (mm/sec) t (sec) Urn (MPa) Tm (m/m)
0.0212 250.11 278.95 0.0884 ,"
0.0423 116.11 301.50 0.0819
0.0847 65.36 295.95 0.0923
0.2120 25.81 312.79 0.0910
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Figure 3.17 - Identification of stress-strain state for maximum temperature drop
(0"m,Em ) and for restoration to ambient temperature (0"O,EO ).
Table 3.11 - Average stress-strain states (0'0,70 ) corresponding to restoration of
ambient condition for different applied displacement rates
Displacement Time Stress Strain
rate u(mm/sec) t (sec) 0'0 (MPa) Yo (m/m)
0.0212 295.78 309.67 0.105
0.0423 136.90 325.29 0.0965
0.0847 77.97 312.56 0.1101
0.2120 32.02 319.20 0.1131
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Table 3.12 - Ratio of Em and to to total average strain Ef percentage
Displacement
rate u (mm/sec)
0.0212
0.0423
0.0847
0.2120
Percentage (%)
37.47
36.75
41.40
39.80
44.31
43.20
49.40
42.60
The data in Table 3.12 do show that the uniaxial strain history for the most
part is in the nonequilibrium range.
3.6 Local Energy Dissipation Density
For a nonequilibrium process, there is no single temperature that refers to
the system as a whole. The local states in a system changes continuously with
time. In mechanical terms, the system would be nonhomogeneous in that the
constitutive coefficients are functions of the space and time variables.
Conventional continuum mechanics theories are entirely helpless in dealing with
such nonequilibrium states. Only the isoenergy density theory [9] can provide a
macroscopic description of each mass element.
nonequilibrium temperature e is given by
In this approach, the
(3.1 )
in which T and e are, respectively, the isostress and isostrain. For a hydrostatic
state of stress or strain where the stresses and strains are the same in all
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directions, the energy transmitted across all surfaces would be the same. The
ordinary stress (J and ordinary strain ( are then equal to the isostress T and
isostrain e, respectively. Equation (3.1) can thus be written as
~ee= ~~(, (hydrostatic stress state) (3.2)
The negative sign denotes work done on the system. Referring to Figure 3.18,
~(J~( would represent the area of the shaded triangle denoted by 6.'W. This
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Figure 3.18 - Increment of work done.
corresponds to the work done as the stress and strain traverse the increment ~(J
and ~(, i.e., NW = ~(J~e/2. Hence, equation (3.2) becomes
~ee= 2~~, (hydrostatic stress state)
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(3.3)
Since e and 'W can be obtained from experiments, the energy dissipation
density ".D can be calculated from equation (3.3) for those elements in a
hydrostatic state of stress. Equations (3.2) and (3.3) are not valid in general for
a nonequilibrium process. The quantity ".D has been proposed by the Office of
Naval Research team [13] as the parameter for characterizing the damage
behavior of composites. The measurement of nonequilibrium temperature
technique provides a much simpler way for obtaining the energy dissipation
density.
3.7 Physical Interpretation of Order and Disorder
All physical systems are disturbed internally when they are excited
externally. In thermodynamics, it is said that work is being done on the
system. The amount of dissipation of this work into internal energy depends on
the thermodynamic process, say either isothermal or adiabatic. These processes
invoke certain order or disorder as quantified by entropy S in equilibrium
thermodynamics. Its application is limited to an isolated system in which S is
positive definite and tends to increase, i.e.,
~Q~S ='1' > 0 (3.4)
in which T is the absolute equilibrium temperature and ~Q the increment of
heat transfer. The equality and unequality sign in equation (3.4) corresponds,
respectively, to a reversible and irreversible process.
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The tests conducted in this work are those for an open system where no
restrictions are imposed on the ways with which energy is exchange'd between
the system and its surrounding. In other words, no a priori assumption is made
on the thermodynamic process. For the uniaxial tensile test performed, the
process is neither adiabatic nor isothermal.
To be more specific, should the data in Figure 3.14 be interpretated by
equation (3.4), then .6.Q would change sign if it is directly related to .6.T as
.6.Q = C.6.T (3.5)
with C being the heat capacity coefficient. Note that .6.T (or .6.8) is negative
and then becomes positive. Because T is positive definite in equation (3.4), sign
change in .6.Q would imply .6.5 could be negative. This would contradict the
statement that .6.8 can only be positive. The understanding is that all processes
tend toward a state of greater disorder when disturbed.
The %-function in the isoenergy density theory [9] can be negative or
positive depending on whether the disturbance in the system is orderly or
disorderly. It is defined as
(3,6)
Negative % corresponds to system gain order when load is first applied as the
temperature drops below ambient. That is, the elements within the system
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experience a uniaxial alignment as it is stretched. Internal disorder sets in with
increase in internal heat generation. The Jf,-function would then become
positive and increase in magnitude. Inflection point on the Jf,-curve has been
observed [14] and is associated with phase transition such as solid to liquid or
liquid to gas. Since Gj) could be found experimentally by the procedure
described in Section 3.6, % can also be obtained from equation (3.6) to
determine the order and/or disorder at a given location of the system.
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CHAPTER 4 - CONCLUSIONS AND FUTURE WORK
Presented in this thesis is a procedure for measuring the nonequilibrium
transient temperature of uniaxial tensile specimen subjected to different loading
rates. Data could be presented in analog or digital form. A knowledge of
size/time/temperature interaction effect is essential for establishing the fast
time response of a given thermistor probe size. Stress-strain data sampling time
must also be compatible with the transient character of the local deformation.
Sufficiently accurate thermal fluctuations are obtained for Al 6061 cylindrical
bar specimens subjected to four (4) different loading rates that varied by one
order of magnitude. Two important findings can be stated:
o Magnitude of the maximum temperature drop below ambient tends to
increase with increasing applied displacement rate.
o Recovery time of speCImen to ambient condition lllcreases with
decreasing applied displacement rate.
The above two events are typical of the nonequilibrium thermal/mechanical
behavior of metal alloys; they do not coincide directly with the yield point as
claimed in previous works [2-4].
The automated multi-channel temperature analyzer could be used to better
understand the cooling/heating behavior of different materials under simple and
complex loading systems. Some of the more immediate problems for the future
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could be outlined:
• Measure temperature change of uniaxial tensile and compreSSIve
specimens made of polymer, composites, ceramics and others and correlate the
transient temperature behavior with change in their microstructure.
• Obtain temperatures at different locations of solids under complex
deformation. The region under tension and compression should initially
correspond, respectively, to a drop in temperature below ambient and rise in
temperature above ambient. The opposing side of a beam in bending should
exhibit such a behavior.
o Apply the procedure described in Section 3.6 for determining the energy
dissipation density GJl and compare the results with those obtained by the more
complex method proposed in [13].
o The isoenergy density theory [9] can be applied as it was done in [15] to
check the transient temperature data measured in this work.
Additional effort is required to better control the contact pressure between
the thermistor tip and specimen such that even smaller deviations in the
temperature data could be minimized or eliminated.
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